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Azoniafluorenones: A New Family of Two-Electron Storage
Electrolytes for Sustainable Near-Neutral pH Aqueous

Organic Flow Battery

Maxime Artault, Gabriel Gonzalez, Pia Damlin, Juho Toivola, Aaron Mailman,

Jenna Hannonen, Petri M Pihko,* and Pekka Peljo*

Fluorenones are suitable candidates for negolytes in flow batteries, as they
demonstrate the ability to store 2 electrons, and can achieve reversibility,
solubility, and stability with appropriate molecular design. However,
limitations persist such as the use of alkaline media, high redox potentials,
and a limited scope for optimization. Herein, azoniafluorenones is reported as
a novel class of negolytes. They can be readily accessed in a highly modular
fashion from inexpensive commercially available materials (e.g., boronic
acids). Variations in the substitution patterns reveal the 3-substituted
N-alkylated AZON3, which demonstrates excellent solubility at neutral pH
(1.64 M) with two low reversible redox potentials (—0.31 and —0.58 V vs
Ag/AgCl). AZON3 exhibits high stability when evaluated at high
concentration in a neutral supporting electrolyte (1 M in 3 m KCl), paired with
BTMAP-Fc on the positive side. Capacity retentions of 99.95% and 99.91% per
cycle (99.35% and 99.21% per day) are achieved when cycling with 1 and 2
electrons, respectively, coupled with high volumetric capacity of 46.4 Ah L~

1. Introduction

There is an urgent need to develop af-
fordable, scalable, and secure energy stor-
age to enable the integration of a grow-
ing amount of renewable energy sources
like wind and solar power into the elec-
trical grids.[!! Flow batteries (FBs) offer
a possible solution to this challenge due
to their safety features, cost-effectiveness,
long-term durability, and the ability to ad-
just energy/power levels.*?) In a FB, the
active ingredients are circulated through
the cell stack from tanks, preferably as
aqueous solutions.*>! The first genera-
tion of aqueous FBs use transition metal-
based electrolytes, with vanadium flow
batteries (VFBs) being close to commer-

(87% of capacity utilization).
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cialization. However, the high cost and
toxicity concerns of vanadium remain an
obstacle to the widespread adoption of
VFBs.[®]

Aqueous organic flow batteries (AOFBs)!”#! can be operated
in alkaline and acidic solutions, but operation at near-neutral
pH would significantly reduce the operational risks and corro-
sion of the tank and pump materials.>!®] A corrosive environ-
ment requires more robust and durable materials while a neutral
environment could allow inexpensive and easily manufacturable
components and ultimately reduce costs for supporting the large-
scale commercialization of AOFBs.

One limitation of AOFBs is their energy density, which is de-
pendent on the solubility of the organic compound dissolved in
the aqueous electrolyte. However, the energy density can also be
improved by increasing the number of electrons that the redox
species can transfer/store. Despite progress in this topic,!1112]
there is a need for additional approaches that focus on developing
negolytes with low redox potential, capable of storing more than
one electron while maintaining good stability during long-term
cycling.

Examples of compounds demonstrating a reversible two-
electron redox cycle include phenazines,'*!* viologens,!1>16]
anthraquinones,!'”*8] and fluorenonel*-?! derivatives. Recently,
a novel pyridinium-functionalized fluorenone compound,
known as (OTDFL)CL,[2!l was developed based on the fluo-
renone 4C7SFL (see Figure 1a).29) (OTDFL)Cl, has excellent
solubility in water and it can store two electrons under neutral
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Figure 1. a) Fluorenones as potential two-electron negolytes in FBs:

W near-neutral media

B expanded scope

4C7SFL and (OTDFL)Cl, for AOFBs. b) Overview of the potential of

azoniafluorenone-based negolytes in AOFB (fluorenone numbering was used for clarity). c) The best results were obtained with AZON3 (see text).

pH conditions, with 67.8% capacity retention over 250 cycles at
0.25 M of the negolyte. The high redox potentials of (OTDFL)Cl,,
—0.04 and -0.29 V versus Ag/AgCl, and stability issues, as
well as the need to use alkaline media for 4C7SFL, are the
main drawbacks of these fluorenone FB negolytes. Additionally,
charging and discharging of 4C7SFL involves more complex dis-
proportionation/comproportionation cycle, leading to decreased
performance when operating at higher current densities at room
temperature.!?]

Herein, we present the azoniafluorenone core, a new class of
FB negolytes, to address these limitations as two-electron stor-
age systems in near-neutral pH AOFBs (Figure 1b). The azoni-
afluorenones incorporate a quaternized pyridinium ring fused to
an indanone ring system. The purpose of the pyridinium is to
enhance solubility and to adjust the redox potential (Figure 1b).
We hypothesized that the position of the nitrogen in the hetero-
cyclic system should have a significant influence on the chemical
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and electrochemical properties, including solubility, stability, re-
dox potential, and reversibility. In this study, we show that the 3-
substituted AZON3 demonstrates excellent solubility in aqueous
media at neutral pH (up to 1.64 M in 1 M KCl) with two reversible
electron-transfer processes in 1 M KCl at —0.31 and —0.58 V ver-
sus the Ag/AgCl reference electrode (—0.10 and —0.37 V versus
Standard hydrogen electrode (SHE)). In addition, AZON3 exhib-
ited remarkable stability when evaluated in a flow battery as a ne-
golyte even at a concentration of 1 M in 3 M KClI, paired with sta-
ble well-known posolyte BTMAP-Fc.[??! Tt achieved a coulombic
efficiency above 99.94% and demonstrated capacity retentions of
99.95% and 99.91% per cycle (99.35% and 99.21% per day) when
cycling with 1 and 2 electrons, respectively (Figure 1c). The bat-
tery exhibits an average cell voltage of 0.63 V due to the low po-
tential of the BTMAP-Fc and a volumetric capacity of 46.4 Ah L~!
(87% of capacity utilization). The synthetic pathway to azoniaflu-
orenones is highly modular and enables the synthesis of a wide
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Scheme 1. A) General method for the synthesis of azoniafluorenone-based ammonium salts (see the Supporting Information); (a) Pd(PPh;) 4 and K,CO;
in Toluene/H, O at reflux overnight or Pd(OAc),, PPh; and K,COj3 in dimethoxyethane/H, O at reflux overnight; (b) Polyphosphoric acid at 210 °C for 5 h;
(c) For AZONMe3: Mel in DMF at 90 °C overnight (For other examples see the Supporting Information). B) Scope of the synthesized azoniafluorenone

named AZON.

range of analogs similar to those explored within the viologen
and anthraquinone family.[?324]

2. Design of the New Family

A general method was designed to access azoniafluorenones
(AZONSs, Scheme 1A). The synthesis was initiated from the com-
mercially available bromopyridine carboxylic acids, which were
converted into the corresponding Me esters (see the Supporting
Information). The esters were then subjected to Suzuki-Miyaura-
coupling to afford the cyclization precursors. The corresponding
carboxylic acids gave lower yields in the coupling step, presum-
ably as a result of catalyst deactivation.

The N-substituted fluorenones were obtained by an in-
tramolecular Friedel-Crafts reaction using polyphosphoric acid
at 210 °C or thionyl chloride and AlCI; (see the Supporting In-
formation). This reaction was typically carried out after saponi-
fication of the corresponding acid. However, with 7-Me or 7-F-
substituents (luorenone numbering), the cyclization could be
carried out directly with the Me ester (see the Supporting Infor-
mation). Next, several electrophiles were used in an alkylation re-
action to produce the azoniafluorenones (Scheme 1A). As an ex-
ample, AZON3 was synthesized with an overall yield of 54% over
five steps, requiring only a single purification using silica gel (see
the Supporting Information), and the synthesis could be readily
scaled up to a gram scale (see the Supporting Information). The
choice of the N-substituents ranged from cationic, neutral, and
anionic to examine their effects on solubility, reversibility, and
stability.[2:26]
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The synthetic route is versatile and scalable. By utilizing differ-
ent boronic acids that are inexpensive and commercially available
materials, itis possible to access a diverse range of AZONs deriva-
tives, thereby opening opportunities to explore a wide spectrum
of FB materials.

3. Electrochemical Investigations

Our investigation started by examining a group of four azoniaflu-
orenone derivatives AZON1, AZON2, AZON3, and AZON4, dif-
fering in the site of the N-substitution. Initially, we decided to re-
tain the quaternary ammonium in the side chain to enhance com-
pound solubility and prevent unwanted reactions such as dimer-
ization through coulombic repulsion (Scheme 1B).

We initially investigated the electrochemical behavior of these
synthesized compounds using cyclic voltammetry (CV) in dif-
ferent electrolytes, including 1 M potassium chloride (KCl) and
0.1 M sodium hydroxide (NaOH) (see the Supporting Informa-
tion for details). Surprisingly, AZON2 and AZON4 exhibited ir-
reversible reduction peaks, suggesting instability of the reduced
species. On the other hand, AZON1 and AZON3 demonstrated
two highly reversible redox processes at low potentials in neu-
tral media (1 m KCl, see the Supporting Information). In basic
media (0.1 v NaOH), AZON1 did not show any reduction peaks,
while AZON3 displayed two reversible peaks (see the Supporting
Information). For AZON3 in 1 m KCl, the redox potentials corre-
spond to —0.31 and —0.58 V versus Ag/AgCl reference electrode.
In the basic medium (0.1 M NaOH), the potential of the second re-
duction event remained constant, whereas the first event shifted
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Figure 2. Cyclic voltammograms of 1 mm of AZON3 and AZA3 at 100 mV s~ scan rate in 1 m KCl.

toward more negative values, suggesting a proton-coupled elec-
tron transfer (PCET) process. Overall, the redox potentials of
AZONS3 are significantly lower compared to (OTDFL)Cl,, lead-
ing to higher cell voltage and power density when applied in a
flow battery.

A comparison of azafluorenone AZA3 (Figure 2) and AZON3
revealed that AZA3 exhibited a poor reversible redox process in
CV and very low solubility (< 5 mm) in 1 M KCl. This finding is
consistent with previous results on (OTDFL)CL*" and confirms
that the presence of the pyridinium moiety effectively improves
both reversibility and solubility.

To further examine the stability of AZON1 and AZON3, we
conducted experiments in lab-scale flow batteries. The initial sta-
bility tests involved galvanostatic cycling using a 5 mm concen-
tration of the redox material dissolved in 1 m KCl at pH 7 using
an excess amount of BTMAP-Fc as the posolyte so the negolyte
becomes the capacity-limiting side. The cell was assembled us-
ing a Selemion DSVN anionic exchange membrane and we per-
formed all the tests inside a N,-filled glovebox. Further informa-
tion about the flow-cell tests is provided in the Supporting In-
formation. In these conditions, when cycling the first electron,
AZONT1 exhibited a capacity decay of 0.138% per cycle (5.70%
per day) after 68 cycles; at higher pH, an increased capacity decay
of 0.522% per cycle was observed, indicating lower stability un-
der alkaline conditions. The proximity of the pyridinium group
to the ketone moiety is hypothesized to contribute to this insta-
bility, as the electron-withdrawing effect of the pyridinium group
can destabilize the reduced species, leading to degradation (see
the mechanism study below). We also conducted a similar study
on AZON3, using a concentration of 5 mm in 1 m KCI at pH
7. In this case, for one-electron cycling, the battery presented an
initial capacity decay presumably due to oxygen content and then
it remained stable for 75 cycles without any observed decay. Af-
ter that, the cut-off voltage was increased to achieve the second
electron process. The cycling under these conditions presented a
decay of 0.179% per cycle, indicating a lower stability of the two-
electron reduced species. Additionally, we investigated the sta-
bility of AZON3 in a battery using 0.1 m NaOH as a supporting
electrolyte, but the reduced form of the compound was inherently
unstable under basic conditions. Consequently, we continued our
research using a neutral-pH electrolyte to mitigate any poten-
tial stability issues associated with higher alkalinity. This study
demonstrated that the position of the nitrogen on the fluorenone
ring plays a crucial role in the stability of this redox material, mak-
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ing AZONS3 a strong candidate for AOFBs, warranting further in-
vestigation. However, it remains uncertain whether the favorable
results come from the quaternary ammonium substituent or the
nature of the pyridinium moiety itself.

Additional experiments with N-substituted variants, such as
methyl (AZONMe3), hydroxyethyl (AZONE3), and propane sul-
fonate (AZONS3) (Scheme 1B), were carried out to solve this
uncertainty. Under CV measurements, all three compounds dis-
played good reversibility in both 1 m KCl and 0.1 m NaOH (see
the Supporting Information for CVs). However, AZONMe3 and
especially AZONS3 showed poor solubility in aqueous media and
as such, AZONS3 was omitted from further investigation. In the
case of AZONMe3, we assembled a battery at low concentration
(1 mm) in 1 M KCl that remains stable when cycling one electron
with no capacity decay over 70 cycles, however, just a small per-
cent of the total capacity was cycled (20%). We attribute the low
accessible capacity to the poor solubility of AZONMe3. This re-
sult suggests that polar groups alone should enhance the solubil-
ity and accessible capacity of AZONMe3 and make it a promising
candidate for AOFBs. Indeed, AZONE3, with an additional OH
group in the molecule, demonstrated excellent solubility and it
was tested at a concentration of 5 mm in lab-scale AOFBsin 1 m
KCl, however, it showed a high capacity decay (0.518% per cy-
cle) for one-electron cycling. The higher rate of decay of AZONE3
compared to AZON3 could be explained by the presence of the
OH group, which can act as a nucleophile and attack the exocyclic
N-substituted carbon (intra or intermolecularly) to give AZA3
that cannot be oxidized back in the conditions studied. A similar
side reaction has been reported previously for a related viologen
derivative.l?”]

Based on this evaluation, AZON3 remained the most promis-
ing candidate. To gain further insight, the effect of electron-
donating or withdrawing substituents in the second ring
(Figure 1B) was investigated.”!! AZON3Me incorporates a
methyl-donor group on position 7 of the fluorenone ring and
AZON3F bears an electron-withdrawing fluorine substituent in
the same position.

CV and battery tests revealed that AZON3Me exhibited sim-
ilar redox behavior and stability that the parent AZON3 com-
pound, with no observable effect of the methyl donor substituent
on redox potential or stability when tested in a flow-cell at low
concentration (5 mm) in 1 M KCl (see the Supporting Informa-
tion). Similarly, AZON3F demonstrated a similar redox profile to
AZON3, albeit with a slight positive shift in standard potentials
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Scheme 2. Cyclic voltammograms of 1 mM of AZON3 at 100 mV s~ scan rate in A) 0.12 m Britton—Robinson buffer B) 1 m KCl at different pH values.
Potentials reported against Ag/AgCl reference. C) Proposed mechanism in unbuffered 1 m KCI (counter anion omitted).

of 40 and 15 mV on the first and second redox process, respec-
tively, without impacting stability when tested in a battery at low
concentrations (5 mm) in 1 M KClI (see the Supporting Informa-
tion). Although these studies did not indicate any improvements,
these substituents nevertheless present suitable handles for fur-
ther molecular diversification for future studies.

4. Mechanistic Discussion

We studied the mechanism of the redox process of AZON3 by
studying the relation between redox potential and pH. First, we
used Britton—Robinson buffer electrolyte (0.12 M) and performed
CVs atdifferent pHs by adjusting with diluted KOH (Scheme 2A).
The results show that, from pH 7 to 10, the potential of the first
redox event remains constant while the second one shifts to more
negative values with a slope of 57 mV per unit of pH, indicating
a reaction involving one electron and one proton in the PCET
reaction. Above pH 11, it presents the opposite behavior: the po-
tential of the second electron remains constant while the first one
becomes more negative (50 mV per unit of pH), also suggesting
a PCET mechanism (see the Pourbaix diagram in the Supporting
Information). Furthermore, we observed that the yellow color of
AZON3 sample immediately vanished as the pH was increased
above 11, changing slowly to red after a few minutes. The red
color faded upon exposure to the air. We hypothesize that AZON3
is deprotonated at the N-CH,, group in basic pH,/*! leading to un-
desired side reactions and species with a radical character that re-
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act with oxygen.[?! A more detailed study of these events was not
conducted as our focus was on a negolyte that performs at near-
neutral pH. Finally, we conclude that at neutral pH in a buffered
solution, the reduction mechanism of AZON3 consists of ET fol-
lowed by PCET, which is in full agreement with the results ob-
tained previously for (OFTDL)CL,.[2!]

Next, the pH dependence of the redox process of AZON3 was
studied using an unbuffered KCl electrolyte (Scheme 2B). For the
first electron, the potential remains constant until pH 11 where
the potential starts shifting to a more negative value (31 mV per
unit of pH), a similar behavior as in buffered electrolyte. How-
ever, the potential of the second redox event remains constant at
a value of —0.58 V in the studied pH range. That value is sim-
ilar to the potential of the second wave when working in the
Britton—Robinson buffer solution at pH above 10, which suggests
that in an unbuffered solution, the pH near the electrode surface
increases as a result of the PCET that consumes protons. This
effect has been reported and explained for quinones by Smith
et al.B% demonstrating that, in an unbuffered aqueous elec-
trolyte, quinones are double reduced through two sequen-
tial 1 e” transfers (double ET process), instead of the PCET
event proposed for buffered electrolytes. In this study, we
hypothesized that with AZON3 in an unbuffered KCl elec-
trolyte, the reduction proceeds via an ET which generates
first the radical A, followed by either PCET or ET, de-
pending on the local pH, forming the protonated reduced
species BH or reduced species B with a pK, between 10.5
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of a sample of B.

and 11 (Scheme 2C). The Pourbaix diagram of AZON3 is
presented in the Supporting Information. Once the pH reaches
the pKa value of B, the second reduction continues as ET at
a constant pH. At low AZON3 concentration (1 mm), the sec-
ond reduction proceeds via either ET or PCET, but as the con-
centration of AZON3 increases, the pH reaches the pKa value
immediately so we can assume that most of the mechanism
corresponds to ET. This conclusion is also corroborated by the
study of 4C7SFL in alkaline media where a similar reduction was
observed.[2"]

To further confirm the structures of reduced intermediates A
and B, we characterized them using UV-vis, EPR, NMR, and Ra-
man spectroscopy. A and B were generated in a flow cell in an
O,-free environment using unbuffered 1 m KCl as a supporting
electrolyte. The latter offers a 300 mV separation between the
two redox processes, allowing to study both reduced species sepa-
rately by setting the appropriate cut-off voltages. Once the cut-off
voltage was reached, this was held for a fixed time to ensure con-
version to the reduced species. While the charged capacity during
the experiments was in agreement with the expected theoretical
capacity (see the Supporting Information), we cannot exclude the
possibility of traces of the partially reduced species. In the UV-vis
spectra, the addition of the first electron to AZON3 was identified

Adv. Energy Mater. 2024, 2401635 2401635 (6 of 10)

by the appearance of a large band at 520 nm (Figure 3A), which
can be attributed to the radical form of the reduced compound
A.BL3I The structure of A was further corroborated by EPR mea-
surements. While AZON3 was initially EPR silent, the introduc-
tion of the first electron resulted in the formation of a species
exhibiting a strong EPR signal (Figure 3B), consistent with the
ketyl radical anion A and fitted by spectral simulation (Figure 3B).
The NMR spectrum of A was nearly invisible, as anticipated for a
paramagnetic species (see the Supporting Information). In addi-
tion, Raman spectroscopy of AZON3 reveals a C=O0 stretching at
1732 cm™ (Figure 3C). The one-electron reduction of AZON3
into its radical anion A is confirmed by Raman, as evidenced by
the disappearance of the band at 1732 cm™!, and the appearance
of new bands in the range from 1500 to 1655 cm™! due to C=C
and CO vibrations. This shift is fully consistent with the reduc-
tion of the C=0 group of AZON3 and the decrease of stretch-
ing frequency due to the population of an antibonding z* or-
bital by the added electron.*¥] The band at 1524 cm™! can be as-
signed to the CO vibration of the radical anion A after the first
reduction (Figure 3C). The band at 1014 cm™! which remains un-
changed after reduction is due to the ring breathing mode of the
aromatic ring. All these spectral measurements support the sug-
gested structure of A as a ketyl radical anion.
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After further electrochemical reduction of A to B, the UV-vis
spectrum of B displayed two new bands at 368 and 382 nm, which
confirms the further reduction of the zwitterionic species. Fur-
thermore, the reduction of AZON3 leads to a shift of the large
band from 265 to 275 and 280 nm, after the first and second elec-
tron addition, respectively (Figure 3A). Surprisingly, the sample
of B also exhibited a strong EPR signal identical to the radical
A (Figure 3D) and displayed a very low signal intensity in NMR
(see the Supporting Information). We cannot exclude the possi-
bility that a small concentration of A is still present in the sam-
ple of B, and the EPR signal observed for the two samples is es-
sentially identical. Additional evidence for the build-up of A was
provided by monitoring the evolution of the UV-vis spectra of a
sample of B over 20 days, which displayed increasing absorption
at 520 nm (see the Supporting Information) characteristic of A
(see above). However, the Raman spectra of A and B are differ-
ent, showing a shift of the peak at 1638 to 1648 cm™ (A vs B,
see Figure 3C). Furthermore, B shows a clear rise in the base-
line indicating fluorescence that is not present in A, consistent
with the notion that the electronic structure of B is distinct from
A. Additionally, for A, we also observed a resonance Raman ef-
fect when using the 532 nm laser, but this was not observed with
B. For A, the laser excitation frequency 532 nm closely matches
the electronic transition frequency of the sample (see Figure 3A).
Finally, we assume that a sample of B is partially oxidized back
to A upon exposure to oxygen (see the Supporting Information).
Taken together, the evidence suggests that B is the two-electron
reduced form of AZON3, distinct from A.

During battery cycling in unbuffered KCl, we expected the up-
ward pH shift due to the initial protonation of the reduced species
in the ET-PCET until the pH reaches the pK, of compound BH
(~10.5-11). After reaching that pH, the reduction proceeds by
the double ET mechanism described above, in analogy to the de-
scription of the reduction of quinones in buffered/unbuffered
solutions.l**] The CV measurements performed in buffer solu-
tion (Scheme 2A) demonstrated that the second redox process
can be described as ET at pH above 11, and since the reaction
does not consume more protons at this point, the pH does not
increase more than that value. Considering that the redox reac-
tion is a reversible process, the pH of the unbuffered solution
fluctuates during cycling, increasing to a value close to 11 dur-
ing charging (consuming protons) and decreasing during dis-
charging (releasing protons). Aziz et al.['% reported this behav-
ior in the battery by studying the pH change during cycling for
a phosphonate-functionalized quinone. In that work, they im-
mersed a pH probe in the negolyte reservoir, and they were able
to measure the pH change during charge and discharge. Here,
we verified the electrolyte pH change during battery cycling of
AZONS3 (5 mm concentration) in unbuffered KCI by measuring
the pH of the negolyte at different stages (see the Supporting In-
formation). The initial pH of the negolyte was 8.11 and then it
was measured after charging and discharging the first electron,
obtaining 9.35 and 8.80, respectively. Considering that the mech-
anism of the first electron process corresponds to ET, so it does
not consume protons, we can assume that the slight pH shift in
this stage occurs because the second electron is partially accessed.
After that, the battery was cycled using two electrons, and the pH
was measured after charge and discharge, resulting in 10.91 and
8.91, respectively. These measurements confirm the pH fluctu-
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Figure 4. Cycling figures of 5 mm AZONS3 flow batteries in different
buffered and unbuffered electrolytes.

ation during battery operation demonstrating that the pH does
not increase above 11.

Furthermore, the proposed double ET mechanism occurring
in unbuffered KCl is exhibited by the voltage separation between
the plateaus of the first and second electrons (Figure 4). As ex-
pected from the CV measurements, at buffered neutral-pH con-
ditions the cell voltages during the first and second electron pro-
cesses are similar, while in unbuffered KCl they are separated by
~300 mV. In order to check the stability in buffered electrolytes,
we also performed the cycling tests at these conditions (see the
Supporting Information), resulting in lower stability compared
with unbuffered KCl. Furthermore, the unbuffered electrolyte
also offers lower negolyte potential that allows the developing of
higher cell voltage and power density (Figure 4). We then con-
tinued the studies at high concentrations of AZON3 using un-
buffered KCI electrolytes.

Finally, to clarify why AZON1 and AZON3 show reversible be-
havior in CVs while AZON2 and AZON4 do not, we note that
with AZON2 and AZON4, the reduced species were not stable.
A simple rationalization involves the possibility of delocalization
of the charge in AZONS3 as the ketyl anion and the pyridinium
cation is in a consonant relationship (Figure 5). In contrast, in
AZON2, these functionalities are in a dissonant relationship as
the nitrogen atom is in the incorrect position. We suggest that the
two-electron reduction of AZONS3 gives rise to a stable zwitterion
that can be reoxidized in the battery, whereas the two-electron re-
duction of AZON?2 (C) affords an unstable species, that cannot be
oxidized back or lead to degradation.

5. Further Battery Experiments with AZON3

Finally, we investigated the stability of the new azoniafluorenone
core in flow batteries at high concentrations. The set of exper-
iments included the testing of AZON3 in symmetric and full-
cells paired with an excess amount of 1 M BTMAP-Fc electrolyte
as posolyte. The battery conditions were the same as for the low-
concentration tests, using unbuffered KCl at neutral pH as sup-
porting electrolyte and anionic exchange membrane Selemion
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Dissonant charge delocalization in C (derived from AZON2)
Figure 5. Delocalization structures of the reduced species of AZON2 and AZON3.

DSVN. All the tests were performed in a N,-filled glove box at
room temperature (30 °C). The battery tests consisted of gal-
vanostatic cycling with potential holds at the end of each charge
and discharge until the current density gets to a low value (2—
10 mA cm?). Furthermore, we set different voltage cut-offs to
evaluate the stability of the first and second electrons separately.
Detailed depiction of the cell tests is included in the Supporting
Information.

The first test consisted of a symmetric cell with 1 m concen-
tration of AZON3 and one-electron-cycling in 3 M KCl. The bat-
tery was run for almost 150 cycles until a tubing connector be-
came blocked with solid material. Furthermore, during the test,
we noticed a small electrolyte evaporation, so the corresponding
amount of water was added to keep the 1 M concentration. When
water was added, the battery recovered a high fraction of the ca-
pacity lost until that cycle, indicating that the reduced form of
AZONS3 appears to be within the limits of its solubility in the sup-
porting electrolyte. Excluding the capacity loss due to the solubil-
ity issue, the battery exhibited stable operation, with only 0.044%
irreversible capacity fade rate per cycle (0.56% per day), with high
capacity utilization (83%) and coulombic efficiency (99.97%). The
same battery electrolytes were diluted to 0.56 M concentration
in 2 M KCl to continue the testing in a second symmetric bat-
tery. In this case, a stable operation with a capacity fade rate of
0.029% per cycle (1.05% per day) over 200 cycles was observed
while the coulombic efficiency remained high and unchanged.
The slightly higher capacity fade rate observed in the second
experiment can be attributed to possible degradation products
remaining in the electrolytes and the cells from the previous
experiment.

Then, we performed the two-electron cycling in a symmetric
cell. For this, the electrolyte used in the previous experiment was
charged to 100% SOC and diluted to obtain 0.46 M singly reduced
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species of AZON3 in 1.5 M KCl. This electrolyte was divided into
both sides and two-electron cycling was performed with the same
operation parameters but using a higher cut-off voltage in order
to achieve the second electron. This battery presented high sta-
bility with a low capacity fade rate of 0.010% per cycle (0.27% per
day) and a coulombic efficiency of 99.98% for more than 1000 cy-
cles (Figure 6). During this long cycling, it was also necessary to
add water to compensate for the amount lost because of evapora-
tion, again evidencing a capacity recovery after each addition. We
associate the reported irreversible capacity fade rates with chem-
ical decomposition because the crossover effect is eliminated

200 100.0

-& 160 99.8
£ ~
< )
> c
% 120 99.6 .g
a &
5] b w
(5] o
o 80} 4994 3o
o £
© <]
S i i
8 4ol 1992 8
e * Discharge Capacity '
e Coulombic Efficiency
0 1 1 1 1 1 99.0
0 200 400 600 800 1000

Cycle /n

Figure 6. AZON3 symmetric cell 0.46 m performance for two-electron cy-
cling: capacity and coulombic efficiency evolution. Supporting electrolyte:
1.5 m KCl. Addition of water to compensate for the amount lost by evapo-
ration in cycles 270 and 604.
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during symmetric cell testing and the capacity lost due to pre-
cipitation was already considered.[**]

The last battery test consisted of a full cell of AZON3 1 m as
the negolyte, paired with an excess amount of BTMAP-Fc 1 M on
the positive side. The electrolyte was 3 m KCl (unbuffered) with
a slightly higher pH of 7.75 while the rest of the operation con-
ditions were the same as described for the symmetric cells men-
tioned above. The first test consisted of one-electron cycling over
40 cycles, obtaining a similar performance to the symmetric cell
with a capacity fade rate of 0.044% per cycle (0.65% per day) and
high coulombic efficiency (99.95%). Even though it was short cy-
cling, the similar behavior suggests that there is no crossover of
AZON3 through the membrane that leads to an additional capac-
ity lost in the full cell set-up. Having validated the high stability
of the first redox process, we then increased the cut-off voltage to
study the second electron. In those conditions, the battery exhib-
ited a cell voltage of 0.63 V and a large volumetric capacity reach-
ing 46.4 Ah L1 with 87% capacity utilization. Furthermore, the
cell still showed relatively high stability with a low capacity fade
rate of 0.097% per cycle (0.79% per day) and high coulombic ef-
ficiency (99.94%) for over 170 cycles (Figure 7). After cycling, the
battery was stopped to perform post-mortem analysis. From the
cyclic voltammetry studies of the electrolytes after cycling, we did
not notice any crossover of the active species through the mem-
brane confirming the similar results obtained with the 1 M sym-
metric cell.

During cycling at 60 mA cm™ with a non-optimized lab-scale
cell, the battery exhibited an energy density of 23.8 Wh L~! with
round trip efficiency of 65%, which is comparable with other
organic materials reported,!®! e.g., the BTMAP-Fc/BTMAP-Vi
cell reported by Aziz!*?l with an efficiency of 60% when oper-
ated at that current density. Further tests to study power and
energy densities were not conducted in this work, as these pa-
rameters are also influenced by cell architecture and the selected
posolyte material. In this case, with the aim of demonstrating
the azoniafluorenone family as a stable promising negolyte for
AOFBs, BTMAP-Fc was selected because of its high stability and
solubility,?2] however it exhibits a low redox potential of 0.39 V
versus SHE, and as such it will not produce a highly competitive
cell voltage.

Next, we studied the electrochemical kinetics of AZON3. We
estimated the rate constants k° of both electron transfer reactions
using the method of Nicholson.®! First, the diffusion coeflicient
(D) of the oxidized form was calculated using Randles—Sev¢ik
equation, obtaining a value of 3.98 X 107¢ cm? s~!. Then, the esti-
mated kinetic rate constants (k°; and k°,) of the first and second
electron transfer reactions were 9.52 X 1072 and 6.07 X 102 cm
s71, respectively, corresponding to fast kinetics rates when com-
paring with the rest of organic negolytes reported for AOFBs.[]

This study demonstrated that the high solubility and two-
electron storage of azoniafluorenone compounds lead to im-
pressive specific capacities with relatively high capacity reten-
tion. The 1 M battery already exhibited a volumetric capacity of
46.4 Ah L7, which is one of the highest values reported for
pH-neutral AOFBs(*>%’] (see the Supporting Information), even
higher than VFB. We next performed solubility tests using UV—
vis and confirmed that AZON3 can be dissolved up to 1.64 M in
1 M KCl, which would lead to a theoretical specific capacity of
88 Ah L1, an outstanding value within the AOFB negolytes.
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Figure 7. AZONS3 full cell 1 m performance in a two-electron cycling ex-
periment. Supporting electrolyte: 3 m KCl. Posolyte: 1 M BTMAP-Fc (ex-
cess). A) Charge and discharge profiles of cycles 1 and 170. B) Capacity
and coulombic efficiency evolution.

These results have shown that, at near-neutral pH, azoniafluo-
renone shows very promising behavior as a negolyte for AOFBs.
Considerable opportunities remain for further optimization and
development of azoniafluorenone-based system to fully charac-
terize its capabilities as a negative electrolyte.

6. Conclusion

In summary, this study introduces a new family of compounds
based on the azoniafluorenone structure that shows promise
as redox-active molecules for storing two electrons in AOFBs at
near-neutral pH. Among the tested compounds, AZON3 stands
out for its high solubility of 1.64 m in 1 M KCI, which coupled with
its capability of storing two electrons, leads to high-energy stor-
age density (already demonstrated 46.4 Ah L~!). Furthermore,
it presents two highly reversible redox processes at relatively
low potentials of —0.31 and —0.58 V versus Ag/AgCl/3 M KCI
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reference (—0.10 and —0.37 V vs SHE). These processes involve
ET followed by PCET or ET depending on the local pH of the
solution. Finally, the flow cell tests confirmed the high stability
of AZON3 with a capacity fade rate of 0.010% per cycle in a
symmetric cell at 0.46 M, and 0.097% capacity fade in a full cell
at 1 M (87% of capacity utilization). Additionally, the developed
synthetic pathway allows additional substitution in several posi-
tions (position 1,2,4,5,6,8 in the fluorenone skeleton), offering
exciting opportunities for future exploration and optimization.
These findings position AZON3 as a leading compound in the
field of AOFBs with the potential for efficient and reliable energy
storage systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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